ASME Journal of Mechanical Design, Vol. 120, No. 1, pp 24-31.

Combining Interactive Exploration and Optimization
for Assembly Design

Gerard Jounghyun Kim Simon Szykman
Department of Computer Science & Engineering Engineering Design Laboratory
Pohang University of Science and TechnolagygTECH  Manufacturing Systems Integration Division
San 31, Hyoja-dong, Nam-gu National Institute of Standards and Technology
Pohang, Kyungbuk Gaithersburg, MD 20899
Korea, 790-748 szykman@cme.nist.gov

gkim@vision.postech.ac.kr

ABSTRACT

This paper presents an integrated framework for conceptual asséesiy. Because the complex-
ity of assembly design leads to extremely large design spaces, adequate support apdesignplora-
tion is a key issue that must be addressed. CAMF allows the designer to manage the overall design proc-
ess ancexplore thedesign space througkxplicit representation adesign stages arttieir relationships
(history), assembly design constraints, and rationale. The designer is free to use both bottom-up or top-
down approaches texplore different assembly configurations. Explorationthefdesign space iur-
ther enabled by incorporating a simulated annealing-based refinemetiaioalows the designer to
rapidly complete partial designs, refine complete designs, and generate multiple design alternatives.

1 INTRODUCTION

In order to design andptimize aproduct, designers must bble toconsider different alternatives,
perform analysis to guide their own design process and focus in on a “goodt”aptimal,design. In
practice, it is difficult to accomplish thissing mostcurrent computer-aided desi¢g@AD) systems be-
cause their implementations are gedamuard supporting only a singlevel of design abstractiorthat
is, detailed geometry.

However, most engineering design processes proceed in series of stages, dudctama design
stage, a conceptual design stage, and a detailed design stage (Gui and V28wylaDuring thefunc-
tional design stage, functional requirements of a prospective praxdidentified. Duringthe concep-
tual design stage, mappings fraime required functional entities of the product to their phydmahs
occur. Preliminaryshapes, sizes, orientatiomsaterials, features, ardcations of the physicdbrms
may be determined. Then, the product design is refined to its finaldonmg the detaileddesign stage
through, for example, dimensioning, adding cosmetic features, surface modeling, etc.

Oneconventional method of handling exploration of desiarnatives ishrough version control,
wherebymultiple versions of a desigarestored as separate version- andlate-stamped files as the
design process proceeds. Version control of designditese cannot sufficientlgupport desigrspace
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exploration because eaghrsion of a desigfile simply represents a design snapshot in tinvéhile
changes from one version to the next may occur at different levels of abstréetiens no explicitep-
resentation of these multiplevels. In contrasthe approach taken this research is to organize and
managedesignalternatives according to differedésign stages of a given desigrocess, which pro-
vides a much clearer picture of the expanding design space.

Kim (1995) introduced an assembly design toalled the ConceptugAssembly Modeling Frame-
work (CAMF), which provides the ability to create and maintain evolving assembly designs, a mixture of
top-down and bottom-up assembly modeling, and incorporation of tools such as amalysiss, de-
sign case bases and a materials library. CAMF does not preg@ibganner irwhich the designer ap-
proacheghe assembly desigrallowing a designer to move back and forth between levels within the
representation (whichan represent differenviews, design stagesnd/or levels of abstractionijcre-
mentally modifying or augmenting various aspects of the current design.

This design strategy, which is commonly used by designecsllésl the alternatase ofabstraction
and refinemen{Paz-Soldan and Rinderl#989). Asthe designer moves back tarlier stages in the
assembly process and changes previously-made design decisions, dnsamimon forother existing
parts of the design to become less practical or even rendered infeds$iblefore the refinemenproc-
ess is an integral part of the exploration of diesign space. It is throughfinement that these difficul-
ties are resolved by either by applying local “patches” tad#s@gn, or by doingnore substantial redes-
ign at various design stages.

This paper presents advances that build on previous work to providee@ative toofor assembly
design, refinement and optimization with particular focus on providing support for design exploration for
assembly configurations, and itsipact ondesign-for-assemblyDFA) (Boothroyd andDewhurst,
1989). This objective is achieved by incorporating a refinement tool, consisting of a simulated annealing
optimization algorithm and a constrasalver,into the existingramework.These extensions ©GAMF
support interactive exploration by providing additional capabilities taléseggnerthat are ofuse atvari-
ous phases in the assembly design process. These include:

 rapid generation of multiple design alternatives (most useful at early phases),

« augmentation of partial design solutions through selection of values for certain types of vasdles
ful at various phases),

» generation of a feasible design given an infeasible design as a starting point (useful at various phases),

+ refinement of designs created by the user (most useful at latter stages).

Because these capabilities are driven by optimization, explotatiogthe refinement tool is guided
toward promising regions of the design space. In contrast to the majority of applications of optimization,
the aim of this research is not to automate any part aigbembly desigprocessput rather to provide
the humardesigner with a todhat is usedinteractively to improve seardfrough apotentially very
large design space. The design of a televisgomote control isised as aillustrative example to illus-

trate several of the capabilities of the refinement tool.
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2 RELATED WORK: CAD FRAMEWORKS FOR ASSEMBLY MODELING

Relatively little attentiorhasbeen paid to design or modeling methodolofigsassemblies. Com-
puter-aided design of assembliean be categorized primarily intwo groups, top-down (Gui and
Mantyla, 1994; Popplestone, 19&ocheleau antdee, 1987; Sodhi an@lurner, 1991)and bottom-up
approaches. Top-down assembly modeling is based on first generating a functional or symbolic descrip-
tion of a prospective design, and performing a steprefieement of componemgfeometriesThe func-
tional model should be validated to some extent before moving into individualgsagin. Abottom-up
approach starts with component design (along witheatal model of thelesign) and proceeds with
continuous revision othe mentaimodels and part desigi®odhi andTurner, 1994). Inapplying the
alternateuse ofabstraction and refinement, designenx both top-down and bottom-ugpproaches;
thus, the CAMF framework has been created withctygability tosupport both approaches to assembly
design.

To addresghe increasingly compledesignactivities in the context of concurreahgineering, van
der Wolf (1984) describes the need for creating a new ty@@ADf framework and defines it as “a soft-
ware infrastructure that provides a common operating environment for CAD tools”. Key features of such
CAD frameworks include an extendddta management scheffoe different types of desigobjects, a
design process-driven user interface, and an open and flexible architecture — pingiesshared by
CAMF. However, amajority of thework to date relating ta€CAD frameworks isoriented towarcelec-
tronic circuitdesign (Brockman and Director, 1991; van der Woklet 1990). Mechanicalassembly
design haglifferent requirements in terms aserinteraction anddesign exploration. Peplinski et al.
(1995) describe a system fevaluating manufacturability at different abstraction levels@ogosing a
design based on the result.

3 THE CONCEPTUAL ASSEMBLY MODELING FRAMEWORK (CAMF)

3.1 Overview of CAMF
Within CAMF, a designecan specifyboth domain knowledge and problem-specific knowledge re-
lating to an assembly desigihe designer begins bgreating a representation of the multiptages in
the design processalong with constraintthat relatedesign decisions at various stagasd thenpro-
ceeds to instantiate the design at these stages by aditiitignal detail. In th€AMF framework, the
design process is viewed as sequence of state transitions where at each design state, design decisions a
applied to achieve desired specifications, satisfy geometric constraints, and otherwise develop the design.
There arewo different approaches towarkplicity communicating thelesign process tthe de-
signer. One is theoften-used state-oriented representation, wiiereesign process is represented by
sequences of states of evolving design objects. A drawback to this appraaahitss difficult to
graphically represent how design objects evolve atteptablestates duringhe design processMore



specifically, because there may b&aek of geometric definition at the conceptagsign stagecertain
differences between successive design stages may not be visually apparent.

Another method is to use vocabularies of design decisions, or opetaabrisave been applig¢dus
far to distinguish between different desigtates. This ixalled adecision-oriented representation of
state-based transitidior design. Abrief explanation of the decision-oriented representatised in
CAMF follows; further details regarding the representation can be found in (8%). Firstthe term
design objecikoosely refers to any object used, created, or modified during the design process in order to
create the finatlesign. Design objects includ&unction specificationsconstraints parts, shapes etc.

As the design process proceeds, the designer apieistgn decision createand manipulate these de-
sign objects.

In CAMF, different types of design decisiocan be applied at differenser-defineddesign stages
The user can define design stages at which only particular types of design deeisitweapplied, pro-
ducing a design step. For instance, in the assembly design process tiseddorote contrabxample
in this paper, at a function-to-formapping design staghe usermay only apply operatorselated to
creating new physical componeriés a givenfunction. The designcontextconsists of a set of design
decisions applied at various desgpages. CAMF allows the designer tanaintain multipledesign con-
texts (i.e. representations ahultiple assembly designs) concurrently, from whuaifferent alternative
designs can be generated.

CAMF usesthe decision-oriented representation because it is more natural to describe and organize
the assembly design process using design actions. Both symboligeanatetricdescriptions of the
evolving design are “derived” froitine series of design actionvghen needed;ather than storingll the
alternative designs in accumulation. This promotes reuse of certain design steps and also helps designer:
in focusing oncertaindesign stages.Table 1showsexamples of different types of design objects and
attributes that are represented in CAMF.

Figure 1 shows aaverview ofthe architecture o€EAMF. Thework presented in this paper con-
cerns the new refinement and optimizationl, shaded in gray ithe figure. The central component of
CAMF is thedesign procesmanage(DPM). The DPM allows the user to specify genericdesign
procesanodel and then tdesign withinthat model in astructured manner.The DPM, which is de-
scribed further in the next section, provides a graphical view of design evoluti@itemativesusing a

Table 1. Examples of design objects and some of their attributes.

_Object Attributes (partial list)
function ‘function-of

subassembly -has-function, :stability
part -has-function, :size, :location
feature ‘type, :location, :size

liaison ‘type, :mating-parts

design rationale ;justifies, :type
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Figure 1. Architecture of the CAMF assembly design framework.

tree-like representation where each level corresponds to a partiesign stagegsachnode corresponds
to a design step, and branchindicates multipledesignalternatives ocontexts. Thigepresentation is
illustrated in greater detail at the beginning of the following section.

The simulated annealing refinement and optimization tool is integvatadthe DPM, which also
includes several previously-incorporated desmpls, namely, geometric modelefe.g. Spatial Tech-
nologies’ ACIS Solid Modeler, SDRC's I-DEAS Master's Sefiga knowledge browser (faiisualiza-
tion), a number of design analysis tools (e.g. interference checkingvahgition of matingypes), and
a case-based redesign advisor (Kim and Bekey, 1994) that uses outpthidaomalysis tool tayenerate
new design alternatives.

CAMF currently does not ensureompleteconsistency nowalidity of a design context; general
knowledge about what is valid or feasible remains with the desidtewever,the refinement tool (de-
scribed in Section 4) is able to generate design alternatives that are consistent subject to given constraints
on certain types of design attributes.

3.2 Assembly Design Process
Figure 2 illustrates a representation of a design sjmadbe television remote contrassembly de-
sign problem. The labels along the left column adesign stages (specification selectifumctional
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Figure 2. A design space for a television remote control assembly design task.
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Table 2. CAMF design stages for the television remote control example (see Figure 1).

:Stage Name Mnemonic f)esign Activity |
Specification Selection SP create and select set of specifications |
Functional Element Selection FN create and select set of functional elemergs
Function-to-Form Mapping FNFM create conceptual forms and map FE’s to

conceptual forms
Form-to-Shape Mapping FMSH create and select approximate shapes for fgqms
Size, Orientation, and Locatioh SOL select relative sizes, orientations and locatigns
of Forms for shapes
Subassembly Grouping SBG define groupings of subassemblies
Liaison Selection LIA create liaisons among forms
Liaison-to-Feature Mapping FEAT create and select features for liaisons
Feature Type Selection FTYPE create and select shapes for features
Feature Size, Orientation and FSOL select relative sizes, orientations and locatigns
Location for features

selection, etc.) defined for this problem twe user. Each of thenodes tahe rightrepresents a design
step, where the node names are identifiers for a series of design decisions and supportingtidesign
ale (not shown in the figure) associated with each node. A set of desigesiapsted byarrowsrep-
resents a distinct desigiontext, sathat each patfrom a top node to a bottom noderresponds to a
different design alternative. The designer can readily explore different alternatives by maintaitiing
ple solution paths and moving back and forth betw#em. Inthe figure, several paths through the
design stages are possible; the highlighted one is the “current” design context wiiekigher is inter-
acting with.

In CAMF, one may use a generic assembly design proceds! or defineone’s own for aspecific
design task. A new design process is created by defining new design statesrander,and associ-
ating each of them with allowable design decisions and relevant constraints. This information is encoded
in a file and imported to thgystem as domaiknowledge. Table 2lists the differentdesign stages for
the television remote control design example which were shown in FiguEaéhdesign stage iasso-
ciated with a particular set of objects and attributes that can be created or modified onlyhdtisitagie.

Such specification of design processes is input by the user to the system as domain or design knowledge.
For example, duringhe functionelement selectiostage, onlyfunctional elements can be created and
they are associated with the assembly design thribugttion-ofrelation.

For the design process model shown in Table 2, design stages are related to different contributions to
design costs. For instance, the function-to-fonapping stage determines the number of physical com-
ponents in the assembly. The number of components is a very important assembly cost variable (because
it has a direct relationship to required handling and feeding devices on the factory floor), and the designer
might want to consider and maintain multiple alternatieeghat stage. Different combinations of com-
ponent sizes, orientations, and locations (see the fifth design S@agen Table 2) mayesult in a sta-
ble or unstable assembly, which has direct implications regarding fixture requirements.
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Figure 3. Design step, FNFM-535, in whichlGENERATE-POWER-FN is mapped to
two physical componentsBAT1 and BAT2.

4 DESIGN SPACE EXPLORATION

In this sectiongxample interactivelesign sessionare presentedihere different assemblglterna-
tivesfor thetelevisionremotecontrolarecreatedvith CAMF. Sectiond.1 illustratesmanualdesign space
exploration, where all design decisions are made by the designer. ak tf space, only a subset of
the overall design process — selection of battery type and spatial configuration — is presented. Section 4.2
describes the simulated annealing algorithm, the approach which forms the btssdjatimization and
refinement tool, and illustrates computer aided exploration at different stages of the design process.

4.1 Manual Design Space Exploration

Figure 2 showed a desigpace corresponding tbe television remote contrassembly. Initially,
the design space starts out empty. During the first two design stages, specifications, functithesr and
interrelationships are defined. At the third design stage (function-toffapping), twoalternatives are
generated by the designENFM-541andFNFM-535(see the third row of Figur2). The function-to-
form mappings for the first alternative are illustrated in the knowledge browser intelniae@ in Figure
3. The second alternative is similar, except that the fun@ENERATE-POWER-FN mapped onto a
single parOV-BAT, instead of two partBAT1andBATZ2 as shown in the figure.

At the nextdesign stage (form-to-shapeapping),the designer selectshapes fotthe two battery
configurations. Design stdpMSH-598corresponds tthe selection of cylinders as genesttapes for
the 2 AA batteries, whilEMSH-867uses aectangular block to approximate thlape of a Yolt bat-
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tery. Inthe fifth design stagedifferent geometric configurations are explongsing aninterface to a
geometric modeler and size, orientation and location operators. The three alteshativesorthe fifth
stage in Figure 2 correspond to one in which two AA batterieeatedend-to-end along the length of
the remote, one in which they are seated side-by-side orientedheithengthrunningthe width of the
remote control, and one in which thev8lt battery is oriented with its length alotige width of the re-
mote.

As further design refinements continue, @tternative among the threlesignalternatives is manu-
ally discarded by the user due to a preference for a design in thkidiatteries are seaterle-by-side,
which is less likely to interfere with the printed circuit board (PCB). Accordingly, that alternative ends at
the sixth design stage and does not proceed to a “complete” solution at the bottom stagapgxogne
ate stages for the remaining two alternatives, liaisons are selected, features are created and placed and tw
assembly designs are created.

At any designstage,the designer hashe option of performing angpplicableanalysis(available
through a menu seen in Figure 3) to help guidedesign. Designers mayocus on ongoart of the de-
sign, as is illustrated in this example, and then modifgoonpleteunfinished parts ofhe design at pre-
ceding or subsequent design stag@&he optimization-based refinement tool is available tod#sgner
at all phases of the design process, providing the ability to gemeuliigle alternatives, augmerpartial
designs, find feasible solutions given an infeasible design, and refine complete designs.

4.2 Computer Aided Design Exploration Using Simulated Annealing

4.2.1Simulated Annealing. Simulated annealing is a stochastic optimization technique that was
introduced by Kirkpatrick eal. (1983). Atthe start of an optimizationsing simulated annealing, the
algorithm begins at an initial design state. The algorithm then tagepdo a new desigstate by per-
turbing the current design. The objective function value of the new state is comptadatiothe previ-

ous state. If the nestate is better than thgrevious one, it iccepted; if it isvorse, it isaccepted or
rejected with some probability.

The probability of accepting an inferior stétee. astep in a direction away from an optimum) is a
function of a parametearalledtemperature. Initially, the temperatui@nd thereforahe probability of
accepting inferiosteps) starts othigh. Since many inferiosstepsare acceptedhis results in near-
random exploration to find promising regionstioé design space. Athe optimizationproceeds, the
temperature decreases and fewer inferior steps are accepted, making the search less randotem-As the
perature continues to decreatiege algorithm reaches a powherethe search resembles a downhill
search because virtually no infergtepsare acceptedThis allowsthe algorithm to converge tocal
optima in the current region of the design space.

The control of the temperature parameter is done using an anrsediedule, which is eritical part
of a simulated annealing algorithm. The annealing schealé for this research is adaptive anneal-
ing schedule which, after the optimization begins, calculatesitat temperatureaccording to a scheme
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proposed by White (1984) amalculates temperatureductions using enethod described buang et

al. (1986). The advantage of this approach isttleannealing schedule is tailored to a particoiab-

lem during the optimization, in contrast to a fixed annealing schedule Wigesehedule parameters are
selected ahead ¢ifne and do not change durinige optimization. The adaptive annealing schedule re-
sults in improved efficiency and convergence characteristics.

4.2.2 Formulation of the Optimization Problem. The previous section describesmulated
annealing at a generic level. This section desctieproblem-specific aspects of the algoritformu-
lation: thedesign variableghe method of perturbingesigns andhe objectivefunction. In practice,
fully automated search or design generation cannachieved atll design stages, nor ovell design
variables. This is because assembly design involygeat deal oknowledge which often cannot be
encoded in avay that allows automatediesign decisions aomputational evaluation afesignalterna-
tives. Variables for which sufficient knowledgeagailable to allowsuchautomation are referred to as
refinement variables
For the television remote design example, the refinement variablesategalfor componentsinat-
ing type for liaisons amongarts, feature typedor the matings and selection of genesf@apes for those
features. For this example, each of the refinement variables is changed at a differerdtalgsjgstages
3, 7, 8 and 9, respectively. However, this is ngeaeral rule and it ipossible tchave more than one
refinement variable at each design stage. It should also bethategsign stagesiay contain multiple
types of variables. For instanaehile material is theonly refinement variable d@he function-to-form
mapping stage, the designer can make other decisions that affect various design attributes at that stage.
The input to the refinement phase is a design produced by the designer. This design maidde an
complete design or a partidésign having values for one more refinement variables lafhassigned.
At each iteration in the simulated annealing algorithm, a design stage that contains one or more refinement
variables is randomly selected to jperturbed. Next, a desigiecision is chosen at random frahat
level, and one of the refinement variables is selected to be modified. The current v#hag fefinement
variable is then changed to one selected from a list of feamblevalues. Thidist is generated by tak-
ing the list of possible values ftinat variable, or computinghe possible values from constraiknowl-
edge,and removing the current value as well as any vatugswould violate constraints whicthave
been previously entered as part of the domain knowledge.
Depending on the combination of values of refinement variables for other design decisions at various
design stages, it is possible the list of feasiblenew values to bempty because of constrairttsat
affect allowable valuege.g. the matingtype, or liaison,affects allowable materials andce versa).
When thisoccurs, goenalty isassigned tdhe objectivefunction. Asthe optimizationproceedsthese
penalties are eliminated by resolving the source of the violationisthet a subsequeriteration, one of
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Table 3. Interactive design using the simulated annealing refinement tool.

Design Stage C')bject Attribute JRefinement 1 | Refinement 2 _ﬁefinement g
[ Function-to-form | upper material [ Steel Wood Plastic
mapping lower material Plastic Wood Plastic
keypad material Steel Rubber Rubber
pch material Plastic Plastic Plastic
battery1 material Wood Material-12 Material-12
battery?2 material Wood Material-12 Material-12
Liaison selection liaison-upper{ type [Solder Inserting Press-fit
keypad
Iiaibson-lower- type Press-fit Inserting Press-fit
pc
liaison-battery type Inserting Inserting Inserting
lower _
[ Feature selection | pcb-feature type ||Boss Pad Pad
lower-feature | type Groove Slot Slot
[ Feature shape pcb-feature has-shgbe  Circ-protry Rect-protrusion Rect-protrusign
selection lower-feature | has-shapel| Circ-hole Rect-hole Rect-protrusior

the constraintghat caused variable values to be removed fitbwn feasible list is renderadactive by
changing a different variablelsewhere. This results inf@asible list which is no longegmpty. The
next time that design decision is seledimda design perturbation,faasible value can beund, elimi-

nating the violation penalty.

4.2 .3 Results. We now illustrate theise ofthe simulated annealing refinement tool as anf@idhe
exploration of the design space for the television remote control exafipéedesigner begins bgreat-

ing an initial design and using the refinement tool interactivelgblies to rapidly guidelesign space ex-
ploration towards promisindesigns. The userinterfaceprovides ways t@asily represent design con-
straints and specifthe design attributes to baffected by the simulated annealialgorithm. The user
inputs constraintselating refinement variables at differesthges and specifigbe design stages over
which refinement is to take place. In this case, the designer selects all fourtlstagesiude refinement
variables, though fewer could have been selected, and performs a series of interactive refinements.

Table 3showstheresults of applyinghe simulated annealing algorithm to the problem described
above. (The table immot a comprehensive list @il design objects or attributder this problem, but
highlights those affected by the interactive exploration session). In the first run, the refinemarnged
to generate aesignthat improved thedesigner’sinitial attempt, subject to any relevadesign con-
straints. In other words, the optimization-based refinement tool dnexdesign toward a solution hav-
ing a lower assembly cdst

2 Currently, aweightedsum of machining cost, assembly castimaterial cost isused as aimplified measure of the
overall cost.

11



Although there areonstraintghat relate refinememntariables at varioukevels,these constraints do
not fully describe needs for functionality or validity of tihesign due tahe complexity of the assembly
design task. Thus, we s#®t in the columror refinement 1, the refinemehts resulted ithe selec-
tion of wood as the material for the batteries. The designer realizes that he forgah¢obiatterymate-
rial; because it was allowed to vary, the optimization selecled @ostmaterialbut onethat isinappro-
priate for batteries. Via the user interface, the designer manuallyttikesaterial tdVaterial-12 which
corresponds tthe materiakost of batteries ithe CAMF materialdibrary. The designer takethe op-
portunity to make a similar modification by making the keypad material rubber for human factor reasons.

The refinement algorithm is run a second time with timese constraints.The resultsare shown in
Table 3, where shaded entrez® variables that have chandeaim the previous refinement. Notihat
the changes imaterial havecaused changes in liaisons (mattgges), whichhave in turn affected the
feature and feature shape selection at other detagyes. After this refinementthe currentdesignuses
wood as the material for the upper and lower parthefremote contrahousing (fifthcolumn of Table
3) due to its low material cost. In practice, wood is not uespite dow materialcost for avariety of
reasons such as durability and marketability.

Rather than restricting design space exploration by constraimnigousingmaterial, the designer
realizes that material cost is weighted too heavily relative to the @ibes and adjusthie weights in the
evaluation function, again through the user interface. The algorithm is run &nti@ir@hd plastianateri-
als are selected for the two housing components, again leading to changes in liaisons arshégsgsire
as shown in Table 3. Und#re new weighting,more expensive materiagere selected irorder to al-
low less expensivenatingtypes. This leads to lower assembépsts,and underthe new weighting
lower overall costs.

5 DISCUSSION

The assembly design tool developed throughwligk makes it easieior a designer t@xplore the
design space associated with assembly design tasks. Through the use of this framework, a designer cat
represent a desigorocessand both represent amyaluatedesign artifacts. By usin@QAMF interac-
tively, the designecan performdesignrefinement and redesign in a varietyvedys —either by locally
patching a design (extending a design at one design stage) or by moving peskdoslevels of the
hierarchy. At some stages, such as specification selection and function-to-form miyepexgloration
of the design space aritie evaluation oflesigns ideft to theuser. Atother stages,the designer can
generate an initial attempt at a design, which may be partial or complete, amdltienasimulated an-
nealing refinement tool for further interactive design space exploration.

The intent of this work is not to automate the design process, since developing atlsgsiEaptures
all relevant domain andesign knowledge is ipractice extremely difficul{if not impossible) for non-
trivial domains. Rathethe aim is to create an interactigdesign toolthat is able to aid thdesigner in
generating alternatives, directing search towards good or optimal designs, and evaluating designs.
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There are a number of motivatiofts the use ofsimulated annealing as a design space exploration
techniquefor thiswork. Due to the combinatoriadature of the probleraddressed in this research, an
exhaustive search of the design space is infeasilie. size of thelesign space (wheemachdesign al-
ternativecorresponds to a uniqueath throughthe hierarchy ofdesign stagesgan become extremely
large or even infinite depending twow the assembly design problem ssructured. Simulated anneal-
ing, which has been applied to other classtcahbinatorial optimizatioproblems (Collins eal., 1988)
is able to findoptimal or near-optimadlesigns withouexhaustively enumerating afl possiblealterna-
tives, and is therefore well-suited for a problem such as this one.

A more traditional alternative to exhaustive enumerationld be to use a greedy seatekhnique
starting at the first design stage and moving through subsequent stages. The difficulty with this approach
is that the ability to generate a given solution is dependent on the sethanbedesign stagearevis-
ited, due to constraintsetween design attributes at differesthges. For instance, consider a design
problem where aoptimal solution uses @articularliaison. If assignment ahaterials isdone before
assignment of liaisons, a decision that seldabest(e.g. lowest costymaterialfor a pair of parts may
preclude the selection of the best liaison at a later stage because not all liaipassibte withall mate-
rials. This would prevent a greedy search from finding the overall best solution.

The simulated annealing algorithm is able to avoid this difficulty ddketovay in whichthe design
refinement optimization is formulated; rather than refiningdésign sequentially by movindown the
design stage hierarchy, each iteration the algorithm canodify any of the applicabldesignstages.
Making design decisions in this manner does not resabnmmitting to a path thatould makefinding
the global optimum impossible.

It should benoted that because the refinement variable®ale a subset othe full set ofdesign
variables, the optimization is only exploring a subspadhebveralldesign space.Thus, while simu-
lated annealing is commonigferred to as a global optimizatitechnique, any least-codesigns pro-
duced by the optimization would be optimal with respedhé&refinement variableshich the optimiza-
tion is able to modify. For this reason, the optimization is ugedactively as an aid tdesigner explo-
ration and not as a method for automating the assembly design process.

6 CONCLUSIONS
This paper presents an assembly design framework that creates and mauigiedesignalterna-
tives at different levels of abstraction according to a genesiogn processodel in conjunction with
domain-specificknowledge. Within the CAMF framework, design procesaanagement is achieved
using a decision-oriented representation which allowsiésggner to represent knowledge abitat de-
sign process and constraints, as well as information about the artifact being designed, design history, and
design rationale.
Because the complexity of marassembly design problentan lead to extremely larggesign
spaces, enabling adequate support of design space exploration is a kélyaissust be addressed in a
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CAD tool. CAMF enables both top-down and bottom-up approaches to assembly design by allowing the
designer to freely move back and forth between destigges. The exploration of thelesign space is
further supported by incorporating arteractive simulated annealing-based optimization toolataivs

the designer to generataultiple design alternatives, rapidigomplete partiabesigns,refine complete
designs, and generate a feasible design given an infeasible design as a starting point.

The current framework provides the user with substantial flexibility to represent knowledge about the
design process and artifact. One drawback to this appro#iod dsfficulty that can arisevith explicitly
representing this knowledge within CAMF. While designs generated by the refinement/optiniaaltion
are consistent subject to user-specified constraints that relate refinement variableanotlogie knowl-
edge about interactions between non-refinement variables résigely withthe designer. Thusgon-
sistency of certain aspects of the design mushamtained by theiser. Future work iexpanding the
scope ofthe refinement togbastthe four currently-implementedlesign stages will requiraddressing
these issues.

An area of future work that will affect the capabilities of CAMF is improvement ofi¢lsggnevalua-
tion. Incorporation of more accurate DFM/DFA cost estimation tools, such as those developed as part of
the SEER-DFM commercial software system (SEER, 1995), would benefit to thiswork. Because
of the difficulty in automating the evaluation sbme assembly-related attribussch as symmetry or
tangling ofparts, CAMF will remain an interactivelesign tool. However, agnalysis andevaluation
improve, search throughe design space will bbetter guidedoward good solutionsyhether the ex-
ploration be manual or computer-aided using the refinement tool.
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